[1] Magnetic reconnection in the magnetotail or other forms of current sheet disruption are believed to produce plasma bubbles, which consist of flux tubes that have lower entropy content PV 5/3 than their surroundings. We present an initial Rice-Convection-Model-based simulation of the injection of a bubble into the inner magnetosphere and explore the consequences on ring current formation. As the bubble moves into the inner magnetosphere, region-1-sense Birkeland currents form along its eastward and westward edges while strong westward electric field and earthward flow form inside it; gradient/curvature drift causes it to drift westward. The simulations indicate that the presence of a bubble results in an increase in the peak particle pressure in the ring current region. Results are presented from several computer experiments to determine sensitivities to assumptions.
Introduction
[2] A plasma-sheet bubble is a tube of closed magnetic flux that has lower values of the entropy parameter PV 5/3 than its surroundings [Pontius and Wolf, 1990; Birn et al., 2004] , so that it moves in the direction of ÀrV (roughly earthward) relative to its neighbors. Here V = R ds/B is the volume of a magnetic flux tube with unit magnetic flux. We use the term ''bubble'' to indicate a region of depleted flux tubes whose cross section perpendicular to the magnetic field is small. Its small size and rapid motion imply that it is a time-dependent feature. We use the term ''depleted channel'' to describe a closely related but long-lasting feature that has substantial extent in the radial direction and consists of earthward-moving low-entropy flux tubes [Sergeev and Lennartsson, 1988] .
[3] Bubbles can theoretically be created by reconnection and other processes in the plasma sheet [see, e.g., Pontius and Wolf, 1990; Sitnov et al., 2007] .We will not address the physics of bubble formation here but will simply assume that the bubble is created tailward of our modeling region, so that it can be introduced into the RCM through the tailward boundary condition.
[4] Flow bursts are brief periods of flow velocity greater than 400 km/s in the near-equatorial region of the plasma sheet, and bursty bulk flows (BBFs) are longer periods containing flow bursts [e.g., Angelopoulos et al., 1994] . Flow bursts and bursty bulk flows, which are now usually interpreted in terms of bubbles and depleted channels [Sergeev et al., 1996; Nakamura et al., 2001] , are observed predominantly tailward of 10-12 R E [Baumjohann et al., 1990] , and they play a crucial role in transfer through the middle plasma sheet.
[5] No clear observational picture has emerged concerning the propagation of bubbles earthward of 10-12 R E . For example, Ohtani et al. [2006] concluded that fast plasma-sheet flows usually do not reach synchronous orbit or lead to dipolarization there. However, Geotail has measured periods of rapid earthward flow at geocentric distances beyond $8 R E [e.g., Lyons et al., 2003; Hori et al., 2005] . Flow speeds in these events are usually below the 400 km/s threshold for a BBF, but, because they occur in regions of stronger equatorial magnetic field, their internal electric fields are often comparable to those in BBFs. On the theoretical side, Lemon et al. [2004] presented Rice Convection Model-Equilibrium (RCM-E) simulations of the main phase of a magnetic storm. The results indicated that plasma-sheet flux tubes must experience entropy reduction in order to be injected into the inner magnetosphere and also that that process could lead to injection of a strong mainphase partial ring current. The results of Lemon et al. [2004] clearly show that the role of depleted regions in ring-current injection deserves detailed study. The present paper, which develops a picture of how a single, short-duration bubble transports particles from plasma sheet to inner magnetosphere, represents a step in that direction. For this paper, we use an observation-based magnetic field, in contrast to Lemon et al. [2004] , who used a self-consistent one. On the other hand, we use a much more realistic conductance model with auroral enhancement computed from the model plasmasheet electrons, whereas Lemon et al. [2004] assumed uniform conductance.
Model Inputs and Setup
[6] The RCM solves the equations of inner-magnetospheric plasma motion for multiple isotropic ''fluids'', which are characterized by energy invariant l, flux tube content h, and charge q. In the RCM,
, where W k is particle kinetic energy and V = R ds/B is the flux tube volume; h is the number of particles per unit magnetic flux. Basic RCM calculations are carried out on a polar ionospheric grid. When the modeling region is mapped from the ionosphere to the magnetic equatorial plane, it extends from just inside the dayside magnetopause to the nightside inner plasma sheet ($15 R E ) and to $10 R E at dawn and dusk. In the RCM version used here, internal losses are assumed to be charge exchange for ions (model by James Bishop, private communication, 1988) and one-third of strong-pitch-anglescattering precipitation into a loss cone for electrons [Wolf et al., 1991] . A more detailed RCM description can be found in the review of Toffoletto et al. [2003] .
Inputs and Setup
[7] RCM inputs include upstream solar wind number density N SW , bulk flow speed V SW , interplanetary magnetic field (IMF) B z , polar cap potential drop (PCP), and Dst. PCP in kV is given by PCP = 57.6p 1/3 E/(p 1/2 + 0.43E) + 10
, where p is the solar wind ram pressure in nPa, and V SW is the solar wind speed in km/s. We set B y = 0 and E = 0 for northward IMF, V SW jB z j for southward. The first term of the PCP formula is given by Siscoe et al. [2002] ; the second is a viscous term from Boyle et al. [1997] . With the solar wind and Dst inputs, a modified Tsyganenko databased magnetic field model [Tsyganenko and Sitnov, 2005] is used to set up the magnetic field for the RCM. The Earth's dipole is assumed to be aligned with the rotation axis and perpendicular to the solar-wind velocity.
[8] The modeling region is assumed to be empty initially. The boundary condition sets PV 5/3 and TV 2/3 to be uniform in local time on the tailward boundary, with values taken from Tsyganenko and Mukai [2003] for X = À13 R E , Y = 0. The conductance model is derived from the IRI-90 and MSIS-90 ionosphere and atmosphere models, plus an auroral enhancement based on model-computed electron precipitation. There are no field-aligned potential drops or neutral winds in these runs.
[9] RCM inputs are shown in Figure 1 . Six hours of steady inputs (to bring the system to approximate equilibrium) were followed by a compression, which was followed at 8:00 by a southward turning of the IMF. The inputs were made up with an eye toward the first part of the storm of September 22, 1999, but without the complex fluctuations that characterized the real event. This paper focuses on a single bubble that occurs in the expansion phase of the substorm that begins the storm main phase.
Five-Minute Bubble Run
[10] To simulate a ''bubble'' in the RCM code, we reduce PV 5/3 (by decreasing the number of particles per unit magnetic flux) and enhance the tangential electric field on the tailward boundary near midnight [Lemon et al., 2004] . Near the midnight boundary, the value of the entropy parameter PV 5/3 is reduced from the Tsyganenko and Mukai [2003] inner-plasma-sheet value to a level that is more typical of geosynchronous satellite observations. Specifically, PV 5/3 is depleted by as much as a factor of seven in a region which is between 2200 and 0200 in local time; the reduction is a smooth function of local time, maximized at midnight. The potential applied at the tailward boundary includes an enhancement in E y in the bubble region, and a reduction outside to keep the polar cap potential constant. The degree of E y enhancement is guessed, but a run was carried out with no enhancement to indicate sensitivity to that assumption.
[11] The reduced PV 5/3 and the enhanced electric field in the bubble region on the tailward boundary are imposed from 08:30 to 08:35. At 08:35 and thereafter, the bubble boundary condition replaced with a Tsyganenko and Mukai [2003] value for local midnight.
Results: Bubble Injection and Pressure Comparisons
[12] Figure 2 shows an array of parameters for times 08:30-e, 08:31, 08:32, 08:34, and 08:36. The average proton effective potentials shown in the first column are defined by hF eff i = F + F corotation + hl i iV À2/3 /e, where hl i i is 1.5 times the value of T i V 2/3 that is specified on the tailward boundary. Thus the hF eff i contours represent the drift path for an ion of average invariant energy.
[13] In the first column, the bubble is the yellow/white/ green, reduced-PV 5/3 region that travels earthward through the main plasma sheet, which is generally red in the figure. The second column shows Birkeland currents and electrostatic potential. Birkeland currents flow down to Earth on the east side of the bubble, up on the west side. Pedersen currents flow westward across the ionosphere, from one side of the wedge to the other, in the strong westward electric field that exists inside the wedge (also see the third column of Figure 2) . Consistent with the strong westward electric field, the bubble moves rapidly toward the inner magnetosphere. This is consistent with the qualitative picture of bubbles that Pontius and Wolf [1990] presented.
[14] Note that the Birkeland currents shown in the middle column of Figure 2 are current densities mapped from the ionosphere. The actual Birkeland current density is zero in the equatorial plane, because of the north-south symmetry assumed for this run. . Column 2 shows Birkeland currents mapped from the northern ionosphere (in color) along with convection equipotentials (black contours) on the equatorial plane. The third column shows Birkeland currents and convection equipotentials in a portion of nightside ionosphere (last column) at five time points: 0, 1, 2, and 4 minutes after the bubble is imposed and 1 minute after the bubble condition ends at the tailward boundary. PV , and 10 kV spacing, respectively. Birkeland current is positive down into the ionosphere. Corotation is included in the effective potential shown in Column 1 but not in Columns 2 and 3. In each snapshot, the day side is on the left and dawn is at the top. The purple solid curves denote the geostationary orbit in the first column, outer and inner boundaries in the second column, and high-latitude boundary in the last column. The ionospheric region in the last column is about 66.2°(left) to 60.0°in latitude and 2200 (bottom) to 0200 in local time centered at midnight.
[15] Information about the effects of the bubble on the pressure distribution is given in Figure 3 , which shows time histories of the pressure along the Àx axis, for the bubble exhibited in Figure 2 (called the ''nominal run'') and also for a run in which no bubble-associated changes were made in the tailward boundary condition (called the ''no bubble'' run). Table 1 shows the values and locations of the pressure peaks in those two cases, as well as three others discussed below. It is clear that, at least within the context of these RCM runs, the bubble causes an increase in the peak ringcurrent pressure and moves the inner edge closer to the Earth.
Discussion and Conclusions
[16] The purpose of the paper is to illustrate the physics involved in the motion of plasma bubbles between central plasma sheet and ring current. Various features are noteworthy:
[17] (1) Ion gradient/curvature drift causes the bubble to move west as it approaches the Earth. Plots of 0834 and 0836 in Figure 2 clearly indicate that the bubble drifts west as it approaches Earth. It is natural to attribute this to the westward gradient/curvature drift of the ions that carry most of the pressure. To verify that conjecture, we did an ''ideal MHD'' run with no gradient/curvature transport (achieved by reducing boundary temperatures by a large factor but increasing density to keep pressure the same). That run (Figure 4c) showed bubble motion along the x-axis.
[18] (2) There is a tendency for the leading edge of the bubble to be interchange unstable (particularly near 08:31), since the gradients in PV 5/3 and V are nearly antiparallel. In the ideal-MHD case the instability grows fast enough for the development of two thin, earthward-stretching interchange fingers, which are still visible at 08:35:30 (Figure 4c ). The RCM-E simulations of Lemon [2005] sometimes showed similar interchange instability. Our nominal run shows no evident tendency toward formation of interchange fingers, presumably because differential gradient/curvature drift slows the instability in that case.
[19] (3) In ideal MHD, gradient/curvature drift does not prevent plasma-sheet particles from convecting close to Earth, so the peak pressure is higher in that case (Table 1) .
[20] (4) Reducing the plasma entropy on a section of the tailward boundary pushes the inner edge of the ring current closer to Earth and increases the peak pressure (see Figure 3 and Table 1 ). This counter-intuitive behavior results from the fact that the bubble rapidly interchanges its way earthward, allowing some of its particles to penetrate closer to Earth than particles could if the plasma sheet had the full plasma sheet PV 5/3 value $0.4 nPa(R E /nT) 5/3 . This result is qualitatively consistent with the conclusion of Khazanov et al. [2004] that ring-current injection tends to be stronger if most of the cross-tail potential drop is confined to a relatively narrow channel with strong westward electric field, but our work has the advantage of calculating bubble structure self-consistently. Our result is also consistent with the results of Lemon et al. [2004] , who used a selfconsistent magnetic field instead of an observation-based one.
[21] (5) The bubble simulation results are more sensitive to the plasma-entropy boundary condition than to the electric-field boundary condition. The bubble was enforced on the RCM boundary both by a localized reduction in PV and by an increase in E y at the same place. To investigate the relative importance of the two assumptions, we did an additional ''F only'' run, in which we intensified the boundary E y as in the nominal run but did not reduce PV 5/3 , and the result is shown in Figure 4d . Comparing that result with Figure 4a (nominal) and the result for the ''no bubble'' run in which there was no change in the boundary condition (Figure 4b) , it is clear that the change in PV 5/3 has a bigger effect than the change in E y . This is also confirmed with differences in the pressure peak values and locations from a ''F only'' and ''PV 5/3 only'' run, which included the PV 5/3 reduction but not E y enhancement (see Table 1 ).
Final Comments
[22] We have presented first results from Rice Convection Model simulations of the injection of a plasma bubble into the inner magnetosphere, and these simulations have provided computational confirmation of the qualitative picture of a bubble that Pontius and Wolf [1990] proposed.
More sophisticated simulations will be required before we can obtain a fully satisfactory theoretical picture of the physical process, particularly simulations that include fieldaligned potential drops, a realistic quiet-time ring current as an initial condition, and, most importantly, the magneticfield changes that accompany the bubble. 
